DAVID DOLPHIN and RAMAN I SIVASOTHY. Can. J. Chern. 59, 779 (1981). Protoporphyrin IX dimethyl ester has been converted into the two 2,4-positional isomers bearing hydroxyethyl and methoxycarbonylvinyl side chains. The 4-(2-hydroxyethyl) group was extended to a methoxycarbonylethyl group to give the tetramethyl ester of porphyrin S-411 (2-methoxycarbonylvinyl-4-methoxycarbonylethyldeuteroporphyrin dimethyl ester). On the other hand reduction of the 4-methoxycarbonylvinyl to the corresponding methoxycarbonylethyl group and dehydration of the 2-(2-hydroxyethyl) to a vinyl side chain gave the trimethyl ester ofharderoporphyrin (2-vinyl-4-methoxycarbonylethyldeuteroporphyrin dimethyl ester).
During studies on porphyrin biosynthesis and metabolism two previously unknown porphyrins have been recently identified. Harderoporphyrin 1 (Rt = -CH=CH2, R2 = -CH 2 CH 2 C0 2 H), an intermediate between the copro and proto ring systems, was first isolated from the Harderian gland of rodents (1) and its structure confirmed by synthesis (1) (2) (3) (4) (5) (6) . Meconium is accumulated in the bowel during human fetal development; it is discharged shortly after birth and has been found to be rich in bile pigments and porphyrins (7) . Investigation, by counter current distribution techniques, of ether soluble porphyrins obtained from meconium detected a porphyrin having a Soret absorption band at 410-411 nm in 5% w/v hydrochloric acid. This porphyrin was called porphyrin S-411 (8); it is also known as dehydrocoproporphyrin. Its structure was assigned (9) as 1 (with R t and R 2 as -CH=CHC02H and CH2CH2C02H), and this was confirmed by synthesis of both isomers via b-oxobilanes (10) . Porphyrin S-411 is also found in normal bone marrow and feces (11). Finally Spirographis porphyrin 1 (Rt = CHO, R2 = -CH=CH2), also known as chlorocruoroporphyrin, has been isolated from various polychete worms (12) where it functions as an oxygen carrying pigment.
Syntheses of harderoporphyrin (1-6), porphyrin S-411 (5, 10) , and Spirographis porphyrin (3) have been reported. We report here the preparation of these porphyrins, as their methyl esters, from protoporphyrin IX dimethyl ester. Protoporphyrin IX has two peripheral vinyl groups at the 2-and 4-positions. Although it has been reported (13) that the 2-vinyl group is more reactive than the 4-vinyl, subsequent studies (3, (14) (15) (16) have not substantiated the initial claim. Consequently partial derivatization of the vinyl groups results in a mixture of the 2,4-isomeric porphyrins. Therefore, if such intermediates are to be synthetically attractive, an efficient method for their separation is essential. Reports on the partial syntheses from protoporphyrin IX of Spirographis porphyrin (3. 15-18) , and harderoporphyrins (3) have appeared. The most novel of these is from Inhoffen et al. (18) . where the mono-derivatization of protoporphyrin was effected via the photoprotoporphyrins 4, and we chose this as our starting point. Exposure of protoporphyrin IX to oxygen and light gives the isomeric (2 and 4) photoprotoporphyrins (4) in a yield of75%. The reaction involves the l,4-addition of singlet oxygen, whose formation is photosensitized by porphyrin. to either of the vinyl substituted pyrrolenine rings (A or B) followed by de-
composition of the peroxide (3) (18) (Scheme 1). Mono-derivatization is achieved through the inhibitory electron-withdrawing effect of the formylethylidene group (4) towards an additional DielsAlder reaction. This procedure, after chromatography of the isomeric photoprotoporphyrins, gave a 35% yield of each isomer. Isomeric porphyrins are, in general, difficult to separate chromatographically since the small differences in mobility exerted by the different disposition of the peripheral groups are overwhelmed by the flat porphyrin. This is not the case with the nonplanar "chlorins" , such as the photoprotoporphyrins, and their chromatographic behaviours are usually sufficiently different to make separation routine. This proved to be the case where the compound of higher mobility (silica gelldichloromethane) was identified as 4-photoprotoporphyrin (ring B). Borohydride reduction of the photoprotoporphyrins followed by rearrangement and cleavage of the resulting glycols (5) gave the corresponding formyl-vinyl derivative 6 (Spirographis porphyrins) in an 80% yield. The high yields reported by Inhoffen et al. (18) for the synthesis of the isomeric formyl-vinyl porphyrins 6 could not be reproduced using the cited reaction conditions (19, 20) . Clezy and Fookes (19) obtained a yield of 25% from the photoprotoporphryin dimethyl ester by changing the solvent from dichloromethane-benzene to dioxane. A 60% yield was reported -by Hamilton (21) , who used a modification ofClezy's method. In the present study, a procedure similar to that of Hamilton's was employed to give a 75% yield. While chromatographic separation of the photoprotoporphyrin isomers (4) is routine it is nevertheless tedious. Thus the mixed isomers were used to develop the chemistry described below, after which the pure isomers were used to synthesize the final products.
The condensation of the formylvinyldeuteroporphyrins 6 with malonic acid was achieved in pyridine using piperidine as the base catalyst to give the acrylic side chain of7.
Conversion of the vinyl group of 7 into a propionate side chain would provide porphyrin S-411. A sequence of reactions to effect this conversion is outlined in Scheme 2. The scheme relies on a preferential oxidation of the vinyl over the acrylate group and if the photooxidation is a Diels-Alder S-411. Treatment of 6 with two equivalents of thallium(III) nitrate (TTN) in methanol gave the 2,2-dimethyoxyethyl derivative 8 (3, 22) . Strict adherence to the literature procedure (3) resulted in a 70% yield, whereas a modified procedure consistently gave a yield of 90%. Condensation of 8 with malonic acid as described above gave 9. Hydrolysis of the acetal in THF followed by sodium borohydride reduction and re-esterification gave the 2-hydroxyethyl derivative 10. Conversion of 10 to 11 may be effected with either thionyl bromide in dichloromethane-DMF (22) or carbon tetrabromide-triphenylphosphine (3) . The former method was found unsatisfactory in the presence of alkenes whereas the latter method proved satisfactory in our hands. Treatment of 11 with cyanide in 1-methylpyrrolidone gave the nitrile 12 which upon methanolysis gave the porphyrin S-411 which was identical to an authentic sample with respect to melting point, mixture melting point, spectral properties (nmr, ir, uv-vis, ms), and tic mobility.
The conversion of a 2-hydroxyethyl to a vinyl (24) have generated the vinyl group from either the 2-chloroethyl or methanesulfonate derivative using sodium hydroxide in aqueous pyridine. These reactions suggest how the other photoprotoporphyrin isomer (4b) which was not used in the synthesis of S-411 would provide an intermediate suitable for the synthesis of harderoporphyrin (1; Rt = -CH=CH 2 , R2 = -CH 2 CH 2 C0 2 H). Indeed conversion of 4b (as outlined in Schemes 1 and 3) to the corresponding 2,4-positional isomer of 10 gave 2-(hydroxyethyl)-4-methoxycarbonylvinyldeuteroporphyrin dimethyl ester (7; R t = -CH 2 CH 2 0H, R2 = -CH:CHC0 2 CH3) via the corresponding 2-(2,2-dimethoxyethyl)-4-formyl (7; Rt = (CH 3 0)zCHCH 2 -, R2 = -CHO), 2-(2,2-dimethoxyethyl) -4 -methoxycarbonylvinyldeuteroporphyrin dimethyl ester (7; Rt = (CH30)z-CHCH2-, R2 = -CH:CHC02CH3). Acetylation of 7 (Rt = -CH 2 CH 2 0H, R2 = -CH:CH-C02CH3) gave 2-(2-acetoxyethyl)-4-methoxycarbonylvinyldeuteroporphyrin dimethyl ester (7; Rt = -CH 2 CH 2 0COCH3, R2 = -CH:CHCOz-CH3) and catalytic reduction of the acrylate side chain gave the corresponding propionate side chain of 2-(2-acetoxyethyl-4-methoxycarbonylethyldeuteroporphyrin dimethyl ester (13) . Compound 20 was a key intermediate in the total synthesis of harderoporphyrin (10) , and its conversion by the same route gave, in our hands, harderoporphyrin which was identical to an authentic sample.
Experimental
Visible spectra were obtained on a Cary 17 spectrophotometer using Spectro grade dichloromethane unless otherwise specified. The IH nmr were obtained in the FT mode at either 100 or 270 MHz with a Varian XL-IOO or Nicolet Model MC-80 spectrometer using CDCl3 • Mass spectra (ms) were recorded using Atlas CH-4 and A.E.!. MS-902 spectrometers. Column chromatography was performed using silica gel (Woelm-activity IV). Thin layer chromatography was carried out on Silica Gel GF precoated plates (Analtech-Uniplate 250 Il).
Photoprotoporphyrin Dimethyl Esters (4a, b)
Photoprotoporphyrins were prepared from protoporphyrin IX dimethyl ester according to the method of DiNello and Dolphin (25) in a combined yield of 72%. The average yield of each pure crystalline isomer after chromatography was 22%.
Isomer I (4a)
An analytical sample was recrystallized from dichloromethane-methanol mp 220-222°C (lit. (18) 
2-(4)-Formyl-(2)-vinyldeuteroporphyrin Dimethyl
Esters (6a, b) The procedure used is a modification of Hamilton's method (21) . To a solution of 4a or 4b (250 mg) in dry dichloromethane (125 mL) was added sodium borohydride (250 mg) in dry methanol (10 mL). The reaction mixture was stirred at room temperature for one hour. Thin-layer chromatography at the end of this reaction period, methyl acetate -heptane I: I v lv, Rf starting material 0.46, product 0.25, indicated the completion of the reaction. Excess sodium borohydride was destroyed by the dropwise addition of acetic acid. The reaction mixture was washed with water (200 mL x 2), dried over sodium sulfate, filtered, and the solvent removed in vacuo.
The dark brown residue was dissolved in dioxane (125 mL) and sodium periodate (400 mg) in boiling water (0.75 mL) was added, followed by concentrated sulfuric acid (0.5 mL). The reaction was monitored by tic, methyl acetate -heptane I: I vlv, Rf starting material 0.25, product 0.75. The reaction was complete in one hour. The purple solution was diluted with water (600 mL) and extracted with dichloromethane (100 mL). The organic phase was washed with 5% NaHC03 and water, dried over sodium sulfate, filtered, and evaporated to dryness. The solid was dissolved in a minimum volume of chloroform and chromatographed on silica gel (methanol-chloroform 1:20 v/v). The first fraction was the desired product.
Isomer I (6a)
An analytical sample was recrystallized from dichloromethane -petroleum ether (30-60°C), mp 275-278°C (lit. (18) 
2-(4)-Acrylic Acid-4-(2)-vinyldeuteroporphyrin Dimethyl
Esters (7a, b) A solution of the mixed isomers 6a and 6b (100 mg) was dissolved in pyridine (50 mL), and malonic acid (2 g) in pyridine (10 mL) was added. The mixture was heated to 50°C, with stirring, and piperidine (0.75 mL) was added. The temperature of the reaction mixture was then raised to 80°C and maintained there for five hours.
After cooling the reaction mixture to room temperature it was poured into dilute hydrochloric acid (100 mL, 5% v/v). The porphyrin was extracted into chloroform and the organic layer washed with water, dried over sodium sulfate, filtered, and the solvent removed in vacuo. The residue was chromatographed on a silica gel preparative layer plate with chloroform-methanol 20: I vIvas eluent. The slow moving band was removed from the silica gel with a chloroform-methanol solution and the solvent removed in vacuo. 
Photooxidation oj7
A solution of7a, b (20 mg) in dichloromethane containing 10% pyridine in a 100 mL measuring cylinder was exposed to direct sunlight. A colour change from red to green was observed after a day. The reaction was monitored by tic using dichloromethane-ether 20:1 v/v. The completion of the reaction was gauged by the disappearance of the starting material on tic. The reaction mixture was successively washed with I N hydrochloric acid, 5% sodium bicarbonate solution, and finally with water. The organic phase was dried over sodium sulfate and the solvent removed in vacuo.
The thin-layer chromatogram of the reaction mixture revealed two pairs of bands which could not be separated by tic.
2-( 4)-Formyl-4-(2)-( 2 ,2-dimethoxyethyl)deuteroporphyrins
To a solution of 6a (or 6b) (100 mg) in dichloromethane (30 mL) and methanol (5 mL), was added thallium(III) nitrate trihydrate (300 mg, 3.2 mmol) in methanol (10 mL). The solution was stirred at room temperature for 45 min. Concentrated HCI (0.5 mL) was added and S02 was passed through the solution for 10 min. The mixture was extracted with dichloromethane (100 mL). The organic phase was washed with water, dried over sodium sulfate, filtered, and taken down to dryness in vacuo. The residue was dissolved in a minimum volume of dichloromethane and chromatographed on silica gel (dichloromethane-ether 20: I v/v). The main fraction was taken down to dryness and the residue crystallized from dichloromethanepetroleum ether to give 96 mg (90%) of deep red needles.
2-Formyl-4-(2 ,2-dimethoxyethyl)deuteroporphyrin Dimethyl
Ester (8) An analytical sample was recrystallized from dichloromethane -petroleum ether (30-6O°C), mp 167-169°C; Amax(nm) ( 
2-Methoxycarbonylvinyl-4-(2,2-dimethoxyethyl)deutero-
porphyrin Dimethyl Ester(9) A solution of 8 (100 mg) and malonic acid (3 g) in pyridine (100 mL) was heated to 50°C. To this solution piperidine (0.2 mL) was added and the temperature raised to 80°C. The progress of the reaction was monitored by tic using dichloromethane-methanol 20:1 v/v, Rc starting material 0.88, product 0.12. After five hours the reaction mixture was cooled and poured into I N hydrochloric acid (400 mL) and extracted into chloroform (200 mL). The chloroform layer was washed with 5% sodium bicarbonate solution and repeatedly with water. The organic phase was dried over sodium sulfate, filtered, and the solvent evaporated under reduced pressure.
The porphyrin residue was treated with 5% sulfuric acid in methanol (100 mL) overnight in the cold (refrigerator). The porphyrin ester was extracted into chloroform and the organic phase washed first with 5% sodium bicarbonate solution and then with water; it was dried over sodium sulfate, filtered, and the solvent removed in vacuo.
The residue was chromatographed on 100 g silica gel using chloroform-acetone 30:1 vIvas eluent. The desired porphyrin was eluted as the second fraction. The eluate was evaporated and the residue crystallized from dichloromethane -petroleum ether (30-60°C) in a yield of78 mg (72%). An analytical sample was recrystallized from dichloromethane -petroleum ether (30-6O°C), mp 192-194°C; Amax(nm) ( 
2-Methoxycarbonylvinyl-4-(2-hydroxyethyl)deuteroporphyrin
Dimethyl Ester ( 10) A solution of9 (53 mg) in tetrahydrofuran (30 mL) containing water (0.6 mL) was reftuxed with concentrated hydrochloric acid (0.2 mL) for five minutes. The reaction mixture was cooled and the porphyrin extracted into dichloromethane (30 mL) containing pyridine (10 mL). The organic phase was washed with water, dried over sodium sulfate, and the solvent removed in vacuo. The residue in dichloromethane (30 mL) at O°C was treated with a cold (O°C) solution of borohydride (250 mg) in methanol (10 mL). While stirring, the reaction mixture was allowed to attain room temperature. The excess sodium borohy-dride was then destroyed by the dropwise addition of acetic acid. The organic phase was washed with water, dried over sodium sulphate, filtered, and the solvent evaporated under reduced pressure. The residue was re-esterified with 5% sulphuric acid in methanol and chromatographed using dichloromethane-ether 20: I (v/v) as eluent. The major band was collected, the solvent evaporated, and the residue crystallized from dichloromethane-methanol to give 30 mg (70%). An analytical sample was recrystallized from dichloromethane-methanol; Amax(nm) 
2-Methoxycarbonylvinyl-4-(2-bromoethyl)deuteroporphyrin
Dimethyl Ester (11) Method 1 Compound 11 was prepared from 10 according to the method of Kenner et al. (22) . The reaction was carried out at room temperature to give a 55% yield.
Method 2 A solution of ~arbon tetrabromide (100 mg) and triphenyl phosphine (SO mg) in dry dichloromethane (2 mL) was added to a stirred solution of 10 (30 mg) in dry dichloromethane (10 mL) and reftuxed for 20 min. The cooled reaction mixture was diluted with dichloromethane (20 mL) and washed with water. The organic phase was dried over sodium sulfate, filtered, and the solvent removed in vacuo. The residue was chromatographed using dichloromethane-ether 20: I v/v. The major band which eluted first was collected and taken to dryness. The residue was crystallized from dichloromethane.-petroleum ether to give compound 11 in a yield of72%.
An 
2-Methoxycarbonylvinyl-4-{2-cyanoethyl)deuteroporphyrin
Dimethyl Ester 12 To a solution of 11 (10 mg) in N-methylpyrrolidone (10 mL) was added, with stirring, a solution of sodium cyanide (10 mg) in N-methylpyrrolidone (5 mL). The reaction mixture was stirred at room temperature and the progress ofthe reaction was monitored by tic using dichloromethane-ether 20:1 v/v; Rr starting material 0.58, product 0.29. On completion of the reaction, the reaction mixture was diluted with dichloromethane. The organic phase was repeatedly washed with water, dried over sodium sulfate, filtered, and ·taken to dryness. The residue was chromatographed on silica gel using dichloromethane-ether 20:1 vIvas eluent. The major band was collected, the solvent evaporated, and the residue crystallized from dichloromethane -petroleum ether in a yield of 70%. An analytical sample was recrystallized from dichloromethane -petroleum ether, mp 242-244°C; I..max(nm) (& Compound 12 (10 mg) was dissolved in methanol (10 mL) saturated with hydrogen chloride and left overnight in the refrigerator. The porphyrin was extracted into dichloromethane and the organic layer washed with 5% sodium bicarbonate solution and water. After the solvent was removed in vacuo the residue was chromatographed with dichloromethane-ether 20: 1 vIvas eluent. The first eluted compound was collected, the solvent removed in vacuo, and the residue crystallized from dichloromethane -petroleum ether, in almost quantitative yield to give a product, mp 237-23~C (lit. (10) 
2-(2-Hydroxyethyl)-4-methoxycarbonylvinyldeuteroporphyrin
DimethyIEster(7;RI =-CH2CH,DH, R2 = -CH:CHC02CH) 2-(2,2-Dimethoxyethyl)-4-methoxycarbonylvinyldeuteroporphyrin dimethyl ester (7; RI = (CH30)2CHCH2-, R2 = ---CH2CHC02CH3) (prepared from 7; R I = (CH]0)2CHCH2-' R2 = CHO as described above for the isomer 9) was reacted in a manner identical to that described above for the preparation of 10 to give the product in 70% yield. An analytical sample was recrystallized from dichloromethane-methanol; Amax(nm) ( 
2-(2-Acetoxyethyl)-4-methoxycarbonylvinyldeuteroporphyrin
Dimethyl Ester (7; Rl = -CH2CH20COCH], R2 = -CH:CHCO,CH J 2-(2-Hydroxyethyl)-4-methoxycarbonylvinyldeuteroporphyrin dimethyl ester was dissolved in pyridine (10 mL) containing acetic anhydride (I mL) and allowed to stand overnight. The reaction mixture was poured into 1 % hydrochloric aci!l (50 mL) and the porphyrin extracted into ether. The organic layer was washed with 5% sodium bicarbonate solution followed by water. After drying over sodium sulfate the solvent was removed in vacuo. The residue was purified by chromatography using dichloromethane-ether 20:1 v/v. The major band was collected, the solvent removed, and the residue crystallized from dichloromethane -petroleum ether in a yield of 72%; Amax(nm) (13) 2-(2-Acetoxyethyl)-4-methoxycarbonylvinyldeuteroporphyrin dimethyl ester (5 mg) in tetrahydrofuran (5 mL) was hydrogenated over 10% palladium-charcoal at room temperature until the solution turned colourless. The catalyst was filtered off and the solution was stirred while air was bubbled through until the visible spectrum indicated the complete oxidation of the porphyrinogen. The solvent was removed in vacuo and the residue chromatographed using dichloromethane-ether 20: 1 v/v as eluent. The major band was collected, the solvent evaporated under reduced pressure, and the residue crystallized from dichloromethane -petroleum ether to give 13 (3.3 mg, 65%), mp 155-157°C (lit. (10) mp 155-156°C), which had identical spectral properties to those previously reported (10) 
2-(2-Acetoxyethyl)-4-methoxycarbonylethyldeuteroporphyrin

